Available  online  at  www.sciencedirect.com 


ELSEVIER 


ScienceDirect 


Journal  of  Power  Sources  179  (2008)  458-466 


POWER 

SOURCES 


www.elsevier.com/locate/jpowsour 


Covalent  organic/inorganic  hybrid  proton-conductive  membrane  with 
semi-interpenetrating  polymer  network:  Preparation  and  characterizations 


Rong-Qiang  Fua,  Jung-Je  Wooa,  Seok-Jun  Seoa, 
Jae-Suk  Leeb,  Seung-Hyeon  Moona’* 

a  Department  of  Environmental  Science  and  Engineering,  Gwangju  Institute  of  Science  and  Technology, 
Gwangju  500-712,  Republic  of  Korea 

b  Department  of  Materials  Science  and  Engineering,  Gwangju  Institute  of  Science  and  Technology, 
Gwangju  500-712,  Republic  of  Korea 

Received  25  October  2007;  received  in  revised  form  19  December  2007;  accepted  31  December  2007 
Available  online  17  January  2008 


Abstract 

A  series  of  new  covalent  organic/inorganic  hybrid  proton-conductive  membranes,  each  with  a  semi-interpenetrating  polymer  network  (semi-IPN), 
for  direct  methanol  fuel  cell  (DMFC)  applications  is  prepared  through  the  following  sequence:  (i)  copolymerization  of  impregnated  styrene  (St), 
p-vinylbenzyl  chloride  (VBC)  and  divinylbenzene  (DVB)  within  a  supporting  polyvinyl  chloride  (PVC)  film;  (ii)  reaction  of  the  chloromethyl  group 
with  3-(methylamine)propyl-trimethoxysilane  (MAPTMS);  (ii)  a  sol-gel  process  under  acidic  conditions;  (iv)  a  sulfonation  reaction.  The  developed 
membranes  are  characterized  in  terms  of  Fourier  transform  infrared/attenuated  total  reflectance  (FTIR/ATR),  scanning  electron  microscopy/energy- 
dispersive  X-ray  analysis  (SEM/EDXA),  elemental  analysis  (EA)  and  thermogravimetric  analysis  (TGA),  which  confirm  the  formation  of  the  target 
membranes.  The  developed  copolymer  chains  are  interpenetrating  with  the  PVC  matrix  to  form  the  semi-IPN  structure,  and  the  inorganic  silica 
is  covalently  bound  to  the  copolymers.  These  features  provide  the  membranes  with  high  mechanical  strength.  The  effect  of  silica  content  is 
investigated.  As  the  silica  content  increases,  proton  conductivity  and  water  content  decrease,  whereas  oxidative  stability  is  improved.  In  particular, 
methanol  permeability  and  methanol  uptake  are  reduced  largely  by  the  silica.  The  ratio  of  proton  conductivity  to  methanol  permeability  for  the 
hybrid  membranes  is  higher  than  that  of  Nation  117.  All  these  properties  make  the  hybrid  membranes  a  potential  candidate  for  DMFC  applications. 
©  2008  Elsevier  B.V.  All  rights  reserved. 

Keywords:  Proton-conductive  membrane;  Organic/inorganic  hybrid  membrane;  Semi-interpenetrating  polymer  network;  Direct  methanol  fuel  cell 


1.  Introduction 

Fuel  cells  have  recently  attracted  considerable  attention  as  an 
alternative  energy-conversion  technology  [1],  Compared  with 
conventional  energy-conversion  systems  based  on  heat  engines 
and  fossil  fuels,  fuel  cell  systems  directly  transform  chemical 
energy  into  electrical  energy  with  the  advantages  of  produc¬ 
ing  no  waste  products  and  causing  no  environmental  problems. 
Among  the  various  types  of  fuel  cell,  the  direct  methanol  fuel 
cell  (DMFC)  is  probably  the  most  developed  low-temperature 
system  particularly  for  portable  devices,  such  as  laptops,  hand¬ 
phones  and  personal  digital  assistants  (PDAs).  The  DMFC  has 
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no  the  problems  of  the  difficult  storage  of  hydrogen  gas  or  a  com¬ 
plex  reforming  auxiliary  compared  with  the  hydrogen-fuelled 
proton-exchange  membrane  fuel  cell  (PEMFC).  One  of  the  vital 
components  of  the  DMFC  is  the  proton-conductive  membrane, 
which  serves  as  a  physical  separator  between  the  anode  and  the 
cathode  with  the  function  of  transporting  protons  and  blocking 
electrons.  Nowadays,  the  most  utilized  proton-conductive  mem¬ 
brane  is  Nafion,  which  is  a  perfluorinated  polymeric  membrane 
developed  by  DuPont  in  the  late  1960s  [2],  Although  Nafion  has 
high  proton  conductivity,  excellent  chemical  stability  and  good 
mechanical  strength  for  fuel  cells  operating  below  90  °C,  high 
methanol  crossover  and  high  cost  restrict  its  large-scale  indus¬ 
trial  application.  For  this  reason,  a  number  of  studies  have  been 
carried  out  to  develop  alternative  membrane  materials  [3-6]. 

One  interesting  alternative  is  a  hybrid  organic/inorganic 
membrane  which  has  the  potential  to  provide  unique  combi- 
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film,  thereby  forming  a  physical  network.  The  two  polymer 
chains  become  miscible  due  to  the  semi-IPN  structure,  and  a 
high  mechanical  stability  can  be  achieved  from  the  supporting 
film  whereas  the  propagated  polymer  chains  bring  the  proton 
conductivity  after  a  post-sulfonation  reaction. 

In  this  research,  the  above  two  concepts,  covalent 
organic/inorganic  hybrid  and  semi-IPN  technology,  are  com¬ 
bined  together  to  develop  a  series  of  new  proton-conductive 
membranes.  Fig.  1  schematically  illustrates  the  preparation 
procedures  and  Scheme  1  shows  the  corresponding  chemi¬ 
cal  reactions.  The  non-porous  supporting  polyvinyl  chloride 
(PVC)  him  is  swollen  in  the  monomer  solution  containing 
styrene  (St),  p-vinylbenzyl  chloride  (VBC)  and  divinylbenzene 
(DVB).  The  impregnated  monomers  are  thermally  polymer¬ 
ized  within  the  PVC  him,  thereby  forming  a  semi-IPN 
structure.  The  chloromethyl  groups  in  VBC  then  react  with 
3-(methylamine)propyl-trimethoxysilane  (MAPTMS).  After  a 
sol-gel  process,  the  developed  inorganic  =Si-0-  network  is 
covalently  bound  to  the  organic  poly(St-co-VBC)  network. 
A  covalent  organic/inorganic  hybrid  proton-conductive  mem¬ 
brane  with  a  semi-IPN  structure  is  obtained  after  a  subsequent 
sulfonation  reaction.  Styrene  has  been  chosen  due  to  its 
high  thermal  stabihty  and  suitability  for  the  sulfonation  pro¬ 
cess  of  the  aromatic  ring  to  incorporate  the  sulfonic  group 
responsible  for  high  proton  conductivity  [8,11].  The  devel¬ 
oped  membranes  are  then  characterized  in  terms  of  Fourier 
transform  infrared/attenuated  total  rehectance  (FTIR/ATR), 
scanning  electron  microscopy/energy-dispersive  X-ray  analy¬ 
sis  (SEM/EDXA),  elemental  analysis  (EA),  thermogravimetric 
analysis  (TGA),  ion-exchange  capacity,  water  content,  methanol 
uptake,  proton  conductivity,  methanol  diffusivity,  mechanical 
stability  and  oxidative  stabihty. 

2.  Experimental 


nations  of  organic  and  inorganic  properties  [7,8].  The  organic 
component  may  provide  mechanical  strength  and  proton  con¬ 
ductivity,  whereas  the  inorganic  phase  can  reduce  methanol 
permeation  and  improve  both  thermal  and  chemical  stability. 
Furthermore,  in  order  to  control  the  dosage  and  dispersion 
of  the  inorganic  component  and  make  it  more  compatible 
with  the  organic  phase,  a  covalent  linking  could  be  designed 
and  formed  between  the  two  phases.  For  example,  a  covalent 
organic/inorganic  hybrid  material  was  synthesized  with  2- 
hydroethyl  methacrylate  (HEMA)  as  a  covalent-bonding  agent: 
the  hydroxyl  group  in  HEMA  polycondensed  with  prehy¬ 
drolyzed  tetraethyl  orthosilicate  (TEOS),  while  the  C=C  double 
bond  copolymerized  with  styrene  [8,9].  The  monolithic  mem¬ 
brane  from  the  sulfonated  hybrid  material  was,  however,  too 
brittle  and  too  mechanically  weak  when  the  inorganic  content 
was  relatively  high. 

The  mechanical  strength  of  the  membrane  could  be  enhanced 
by  utilizing  a  semi-interpenetrating  polymer  network  (semi- 
IPN)  technology  based  on  a  supporting  him  and  a  monomer 
solution  [10].  In  this  method,  the  impregnated  monomer  within 
the  supporting  him  is  polymerized,  and  the  propagated  poly¬ 
mer  chains  are  interpenetrated  with  those  of  the  supporting 


2.1.  Materials 

A  PVC  him  was  supplied  by  Hwashin  Engineering  Co. 
(Seoul,  Korea)  with  a  thickness  of  80  |xm.  Styrene,  VBC  and 
DVB  were  supplied  by  Aldrich  (Milwaukee,  WI,  USA)  and 
then  purified  with  Aldrich  inhibitor  removers.  The  thermal  ini¬ 
tiator  benzoyl  peroxide  (BPO)  from  Fluka  (Buchs,  Switzerland) 
was  purified  by  recrystallization  in  a  methanol/water  mixture  at 
— 5°C.  MAPTMS  and  chlorosulfonic  acid  from  Aldrich,  1,2- 
dichloroethane  from  Junsei  Chemical  Co.  (Tokyo,  Japan)  and 
other  reagents  were  used  as  received. 

2.2.  Membrane  preparation 

As  shown  in  Scheme  1 ,  the  membrane  preparation  procedures 
can  be  divided  into  four  steps.  The  hrst  step  is  thermal  polymer¬ 
ization.  The  PVC  him  was  cleaned  in  n-hexane  for  4  h  before  it 
was  soaked  in  a  monomer  solution  of  St,  VBC,  DVB  and  BPO 
for  3h  at  room  temperature.  The  monomer-swollen  PVC  him 
was  placed  between  two  glass  plates  and  sealed  with  aluminum 
foil  to  prevent  the  evaporation  of  the  monomers.  Thermal  poly¬ 
merization  was  carried  out  in  an  oven  at  80  °C  for  8  h.  During 
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-CH2C1 


Fig.  1.  Proposed  preparation  procedures. 


the  second  step,  the  film  was  soaked  in  a  MAPTMS/benzene 
solution  for  24  h.  MAPTMS  diffused  into  the  benzene-swollen 
film  and  its  amine  group  reacted  with  the  chloromethyl  group  of 
VBC.  The  film  was  then  washed  in  benzene  for  1  h  to  remove 
excess  MAPTMS.  The  third  step  was  a  sol-gel  reaction  under 
acidic  conditions.  The  film  was  soaked  in  0.05N  HC1  for  3  h; 
meanwhile,  the  methoxyl  groups  were  partially  hydrolyzed.  The 
full  hydrolyzation-polycondensation  reaction  was  carried  out  by 
placing  the  film  in  an  oven  at  80  °C  for  12  h  and  then  at  100  °C 
for  1  h.  Finally,  the  pre-swollen  film  in  1 ,2-dichloroethane  was 
sulfonated  in  a  mixed  solution  of  chlorosulfonic  acid  and  1 ,2- 
dichloroethane  (10:90,  v/v)  at  room  temperature  for  lh,  and 
then  washed  with  acetone  and  purified  water.  The  film  was  sub¬ 
sequently  soaked  in  1.0N  NaOH  solution  for  12  h,  re-acidified 
in  1.0N  HC1  for  12  h,  and  washed  completely  in  purified  water 
for  ready  use. 

As  listed  in  Table  1,  four  semi-IPN  hybrid  membranes  were 
prepared  with  5-30%  VBC  content  in  monomer  solution  and 
10%  MAPTMS  in  benzene.  As  a  reference,  a  semi-IPN  silica- 
free  membrane  (M-0)  was  also  produced. 

2.3.  Characterization 

2.3.1.  FTIR/ATR,  SEM/EDXA,  EA  and  EGA 

Fourier  transform  infrared/attenuated  total  reflectance  spec¬ 
tra  of  the  membrane  were  obtained  with  a  Jasco  460  plus 
spectrometer  (Tokyo,  Japan).  The  membrane’s  fractured  sur¬ 
face  was  observed  by  means  of  field  emission  scanning  electron 
microscopy  (FE-SEM,  Jeol  Model  JSF  6340F,  Tokyo,  Japan), 
and  the  distribution  of  C,  N,  Si  and  S  atoms  in  the  thickness 
direction  was  determined  by  energy-dispersive  X-ray  analysis. 
The  elemental  analysis  was  carried  out  using  an  elemental  ana¬ 
lyzer  (FlashEA  1112  series,  Thermo  Electron  Corporation)  at  a 
combustion  temperature  of  1 100  °C,  and  the  thermogravimetric 
analysis  was  undertaken  with  a  TA  Instruments  TGA  2050  sys¬ 
tem  using  a  heating  rate  of  10°Cmin_1  in  air  atmosphere  over 
a  temperature  range  of  50-800  °C. 


2.3.2.  Ion-exchange  capacity 

Ion-exchange  capacity  (IEC)  was  determined  by  the  back- 
titration  method.  The  membrane  in  proton  form  was  soaked  in 
0.01  mol  l-1  NaOH  solution  for  24  h.  The  reduction  in  alkalinity 
of  the  NaOH  solution  was  determined  by  titration  with  0.01  M 
HC1  solution.  The  IEC  was  calculated  as  the  ratio  of  the  reduction 
in  alkalinity  to  the  weight  of  dry  membrane. 

2.3.3.  Water  content  and  methanol  uptake 

To  measure  the  water-swelling  property,  the  membrane  was 
soaked  in  distilled  water  for  24  h,  taken  out  and  wiped  with  a  filter 
paper,  and  then  weighed  immediately.  The  sample  was  then  dried 
under  vacuum  conditions  at  50  °C  until  a  constant  weight  was 
obtained.  The  water  content  was  determined  as  the  ratio  of  the 
absorbed  water  to  membrane  dry  weight.  The  methanol  uptake 
was  determined  using  the  same  method,  except  that  the  sample 
was  soaked  in  pure  methanol  and  the  methanol  uptake  was  cal¬ 
culated  as  the  ratio  of  the  absorbed  methanol  to  membrane  dry 
weight. 

2.3.4.  Proton  conductivity 

The  proton  conductivity  was  measured  using  the  normal  four- 
probe  technique  [12,13].  The  Teflon  measuring  cell  consisted  of 
two  stainless-steel  current-carrying  electrodes  (2  cm  apart)  and 
two  platinum  wire  potential-sensing  electrodes  (1  cm  apart).  A 
1-cm  wide  and  4-cm  long  membrane  strip  was  mounted  into  the 
cell.  The  impedance  was  determined  using  an  Autolab  PGSTAT 
30  (Eco  Chemie,  the  Netherlands)  over  a  frequency  range  from 
1  MHz  to  50  Hz.  Using  a  Bode  plot,  the  frequency  region  over 
which  the  impedance  had  a  constant  value  was  checked,  and  the 
resistance  was  then  obtained  from  a  Nyquist  plot.  Proton  conduc¬ 
tivity  ( k )  was  calculated  according  to  the  following  expression: 


where  R  is  the  membrane  resistance,  L  the  distance  between 
potential-sensing  electrodes,  W and  d  are  the  width  and  thickness 


Table  1 

Composition  of  membranes 
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Membrane 

Monomer  composition,  St/VBC/DVB  (v/v,  %) 

MAPTMS  concent 

ration  in  benzene  (v/v,  %) 

BPO  addition 

95/0/5 

3.0  g  per  100  ml  monomeric  solution 

M-5 

90/5/5 

10 

3.0  g  per  100  ml  monomeric  solution 

M-10 

85/10/5 

10 

3.0  g  per  100  ml  monomeric  solution 
3.0  g  per  100  ml  monomeric  solution 

M-30 

65/30/5 

10 

3.0  g  per  100  ml  monomeric  solution 

of  the  membrane,  respectively.  During  measurement,  the  cell 
was  soaked  in  purified  water,  and  so  proton  conductivity  was 
for  the  fully  hydrated  membrane  at  room  temperature. 

2.3.5.  Methanol  permeability 

Methanol  permeability  measurement  was  carried  out  with 
a  home-made  permeation  measuring  cell  that  had  two  com¬ 
partments.  Compartment  A  was  filled  with  150  ml  20%  (v/v) 
methanol  solution  in  de-ionized  water,  and  compartment  B  was 
filled  with  1 50  ml  de-ionized  water.  The  membrane  was  mounted 
between  the  two  compartments,  and  the  diameter  of  the  dif¬ 
fusion  area  was  1.0  cm.  The  solutions  in  both  compartments 
were  magnetically  stirred.  The  methanol  concentration  in  com¬ 
partment  B  was  monitored  using  a  refractive  index  detector 
(RI750F,  Younglin  Instrument  Co.,  Korea)  through  a  1-mm- 
diameter  silicon  tube  with  a  1.0  ml  min-1  constant  flow  driven 
by  a  Masterflex  pump.  The  output  signal  was  converted  by  a 
data  module  (Autochro,  Younglin  Instrument  Co.,  Korea)  and 
recorded  by  a  personal  computer. 

Methanol  permeability  (P)  was  obtained  by  means  of  the 
following  relationship  [13]: 

CB(t)=^yCA(t-t0)  (2) 

Vb  l 

where  C\  is  the  initial  methanol  concentration  in  compartment 
A;  Cb(0  the  methanol  concentration  in  compartment  B  at  diffu¬ 
sion  time  f;  Vb  the  volume  of  de-ionized  water  in  compartment 
B ;  L  the  thickness  of  the  membrane;  A  is  the  effective  permeating 
area. 

2.3.6.  Mechanical  testing 

The  tensile  strength  and  elongation  at  break  of  the  wet  mem¬ 
brane  was  measured  using  the  Instron  model  5567  universal 
testing  machine  according  to  the  ASTM  method  D-882-79.  In 
the  measurement,  2  cm  x  5  cm  dumbbells  were  tested  in  a  flat¬ 
faced  grip  initially  spaced  2  cm  apart  with  a  crosshead  speed  of 
2.54  cm  min-1. 

2.3.7.  Oxidative  stability 

The  oxidative  stability  was  characterized  by  measuring  the 
weight  change  of  the  membrane  when  soaked  in  an  aque¬ 
ous  H2O2  solution  [14],  The  membrane  strip  with  a  size  of 
1  cm  x  4  cm  was  immersed  in  3  wt.%  H2O2  aqueous  solution 
at  60  °C.  During  immersion,  the  membranes  were  intermittently 
taken  out  of  the  solution  at  12  h  periods  and  weighed  after  wip¬ 
ing  off  the  surface  water.  The  variation  of  membrane  weight  vs. 
time  was  plotted  to  evaluate  the  oxidative  stability. 


3.  Results  and  discussion 

3.1.  Membrane  preparation 

The  chemical  reactions  during  the  preparation  of  hybrid 
membrane  M-10  were  investigated  by  FTIR/ATR  spectra,  as 
presented  in  Fig.  2.  After  polymerization,  new  absorption  peaks 
were  observed  at  1600  and  1491  cm-1  and  assigned  to  the  aro¬ 
matic  groups,  which  indicates  that  monomers  are  polymerized 
within  the  PVC  film  and  so  a  semi-IPN  is  well  formed.  After 
the  sol-gel  process,  there  is  a  broad  absorption  band  centred  at 
1100  cm-1  and  is  attributed  to  a  Si-O-Si  stretching  vibration, 
which  shows  the  successful  import  of  the  inorganic  compo¬ 
nent.  In  the  sulfonated  sample,  absorption  bands  assigned  to 
sulfonic  acid  groups  are  observed  at  1123  and  1004  cm-1,  and 
peaks  for  S=0  stretching  vibration  are  observed  at  1369  and 
1169cm-1.  The  FTIR/ATR  results  demonstrate  that  a  hybrid 
proton-conductive  membrane  with  semi-IPN  is  successfully  pre¬ 
pared.  Although  there  is  no  direct  information  from  the  spectra 
on  the  covalent  linking  between  organic  and  inorganic  com¬ 
ponents  due  to  the  difficult  recognition  of  the  C-N  vibration 
in  -C6H4CH2-NCH3(CH2)3-Si=,  some  conclusions  are  possi¬ 
ble  as  follows.  First,  the  reactions  between  polymers  containing 
chloromethyl  groups  and  different  kinds  of  amines  with  high 
steric  hindrance  have  been  successfully  conducted  [15-17]. 
The  same  reaction  between  -CH2CI  and  =NH  may  occur  in 
this  study.  Second,  it  should  be  noted  that  the  film  is  swollen 
in  benzene  during  the  second  step  of  membrane  preparation 
and  MAPTMS  can  easily  diffuse  into  the  film.  The  adsorbed 


polymerization;  (3)  after  sol-gel  process;  (4)  after  sulfonation. 


462 


R.-Q.  Fu  et  al.  /Journal  of  Power  Sources  179  (2008)  458-466 


MAPTMS  is  then  removed  by  washing  the  film  in  benzene.  As 
shown  in  FTIR  spectra  and  in  EA  and  TGA  (to  be  presented  later 
in  this  study),  however,  the  final  membrane  has  sufficient  silica 
content.  The  third  conclusion  is  that  membranes  prepared  from 
monomer  solutions  with  different  VBC  content  have  different 
silica  content,  which  will  be  further  discussed  in  this  study. 

The  fractured  surface  of  the  hybrid  membrane  M-30  was  also 
investigated  by  EDXA.  It  is  found  that  the  distributions  of  the 
C,  N,  Si  and  S  are  nearly  uniform  in  the  thickness  direction, 
i.e.,  the  contents  in  the  middle  are  not  lower  than  those  near 
the  surface.  The  uniform  distributions  of  the  N  and  Si  elements 
indicate  the  successful  import  of  MAPTMS  during  the  second 
step  of  membrane  preparation  because  these  two  elements  come 
from  only  MAPTMS.  The  uniform  distribution  of  S  confirms  a 
successful  sulfonation  reaction. 

It  is  necessary  to  examine  the  silica  content  in  the  final 
membranes.  As  both  silicon  and  nitrogen  elements  derive  from 
MAPTMS,  the  molar  contents  of  these  two  elements  are  the 
same  according  to  the  formula  of  MAPTMS.  The  nitrogen 
content  was  obtained  in  EA,  and  so  the  silica  content  could 
be  calculated,  as  listed  in  Table  2.  With  increase  in  VBC 
content,  the  silica  content  also  increases.  Consequently,  the 
ratio  of  the  reacted  chloromethyl  group  could  be  estimated. 
In  this  estimation,  the  following  assumptions  are  made,  (i) 
The  produced  polymer  chains  have  the  same  composition  as 
that  of  the  monomer  solution.  This  assumption  is  based  on 
the  fact  that  all  adsorbed  monomers  are  polymerized  com¬ 
pletely.  (ii)  When  the  film  is  immersed  in  the  MAPTMS/benzene 
solution,  MAPTMS  prefers  to  react  with  VBC  rather  cause 
hydrolyzation-polycondensation.  The  waterless  condition  with¬ 
out  any  catalyst  (acid  or  base)  makes  the  assumption  reasonable, 
(iii)  All  -Si(OCH3)  groups  are  converted  to  silica  during  the 
sol-gel  process,  (iv)  No  side  reactions  are  observed  during  the 
sulfonation  reaction.  Furthermore,  for  all  the  prepared  mem¬ 
branes,  the  weight-gain  ratio  during  the  thermal  polymerization 
has  been  measured  as  about  60%.  Based  on  the  above  assump¬ 
tions  and  facts,  the  MAPTMS  content  can  be  estimated  from 
the  silica  content  and  ion-exchange  capacity  (shown  in  Fig.  4), 
as  shown  in  Table  2.  The  ratio  of  MAPTMS  to  VBC  in  M-5 
was  1.25,  which  means  that  in  the  case  of  low  VBC  con¬ 
tent:  (i)  all  chloromethyl  groups  are  reacted  and  (ii)  partial 
hydrolyzation-polycondensation  takes  place  when  the  film  is 
immersed  in  the  MAPTMS/benzene  solution  or  the  adsorbed 
MAPTMS  is  not  removed  completely  by  washing  the  film  in 
benzene.  By  contrast,  the  ratio  is  lower  than  unity  for  M-20 
and  M-30,  which  indicates  that  there  are  unreacted  -CH2CI  at 
a  high  VBC  content,  which  probably  results  from  a  hindrance 
to  the  diffusion  of  MAPTMS  into  the  benzene-swollen  semi- 
IPN.  It  is  also  found  that  the  final  membranes  have  different 
silica  content,  and  the  silica  content  increases  with  increase  in 
VBC  content,  as  shown  by  the  ratio  of  MAPTMS  to  PVC  film. 
Thus  it  can  be  inferred  that  MAPTMS  molecules  diffusing  into 
membranes  react  readily  with  VBC,  and  then  covalent  linkages 
between  organic  and  inorganic  components  are  formed  during 
the  sol-gel  process. 

The  thermal  properties  of  the  prepared  membranes  were 
examined  through  TGA,  and  the  results  are  given  in  Fig.  3.  The 


weight  loss  below  240  °C  is  attributed  to  desorption  of  mois¬ 
ture  and  residual  solvents.  The  next  weight  loss  corresponds 
to  thermal  desulfonation,  thermal  degradation  and  thermal  oxi¬ 
dation  of  PVC  and  the  copolymer  chains.  Though  the  hybrid 
membranes  show  no  obvious  enhancement  in  thermal  stability, 
possibly  because  of  the  degradation  of  the  supporting  PVC  mate¬ 
rial  [18],  all  the  membranes  can  be  used  at  temperatures  lower 
than  240  °C.  A  further  notable  feature  of  the  TGA  results  is  the 
residual  content  at  750  °C  (listed  in  Table  2).  It  is  reasonable  to 
assume  that  the  only  residue  is  silica  at  this  temperature  [15], 
and  so  the  ratio  of  the  reacted  chloromethyl  group  can  be  esti¬ 
mated.  In  general,  the  values  estimated  from  TGA  are  consistent 
with  those  from  EA.  As  expected,  the  silica  content  increases 
with  increasing  VBC  content. 

3.2.  Ion-exchange  capacity 

Ion-exchange  capacity  provides  an  indication  of  the  content 
of  sulfonic  acid  groups  in  the  membrane.  The  IEC  values  of 
the  prepared  membranes  are  presented  in  Fig.  4.  As  a  reference, 
the  value  for  a  Nafion  117  membrane  has  also  been  determined. 
Although  the  hybrid  membranes  consist  of  support  material, 
the  IEC  values  range  from  1.71  to  2.45  meqg-1  and  are  much 


Fig.  4.  Ion-exchange  capacity  of  prepared  membranes. 
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Table  2 

Estimated  MAPTMS  contents  from  nitrogen  content  in  EA  and  residues  in  TGA 
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Membrane 

St/VB  C/DVB 
(by  mol) 

Elemental  analysis  (EA) 

Thermogravimetric  analysis  (TGA) 

N  (wt.%) 

Si02 

(wt.%) 

Ratio  of 

MAPTMS  to  VBC 

Ratio  of 

MAPTMS 

toPVC 

Si02  (wt.%) 

(residue  at  750  °C) 

Ratio  of 
MAPTMS 
to  VBC 

Ratio  of 

MAPTMS  to  PVC 

M-5 

22.4/1.0/1.0 

0.20 

0.86 

1.25 

0.29 

0.78 

1.13 

0.26 

M-10 

21.1/2.0/1.0 

0.34 

1.46 

1.06 

0.49 

1.27 

0.92 

0.42 

M-20 

18.6/4.0/1.0 

0.58 

2.49 

0.91 

0.82 

2.26 

0.83 

0.75 

M-30 

16.2/6.1/1.0 

0.88 

3.77 

0.94 

1.24 

3.46 

0.85 

1.14 

higher  than  that  of  Nation.  This  shows  that  the  hybrid  membranes 
contain  sufficient  sulfonic  acid  sites  for  the  intended  proton 
transportation.  The  IEC  value  decreases  as  the  VBC  content 
(or  silica  content)  increases,  which  is  attributed  to  a  reduction 
in  the  number  of  suitable  sulfonating  sites  (note,  bi-subsituted 
VBC  is  difficult  to  be  sulfonated  due  to  steric  hindrance)  and 
also  to  a  decrease  in  the  degree  of  swelling  [19].  The  silica 
component  makes  the  membrane  rigid,  and  the  swelling  of  the 
polymer  network  is  suppressed.  Therefore,  it  becomes  more  dif¬ 
ficult  for  chlorosulfonic  acid  to  react  with  the  inner  polymer 
network  chains,  which  leads  to  less  sulfonic  acid  groups  being 
attached  to  the  aromatic  rings. 

3.3.  Water  content  and  methanol  uptake 

The  water  contents  of  the  hybrid  membranes  and  the  Nation 
membrane  are  shown  in  Fig.  5.  The  prepared  membranes  have 
higher  water  content  than  Nafion,  presumably  due  to  the  higher 
amount  of  sulfonic  acid  groups  with  their  strong  affinity  to 
water.  The  water  content  in  the  silica-free  membrane  (M-0)  is 
highest,  and  those  of  the  other  membranes  decrease  as  the  sil¬ 
ica  content  is  increased.  The  effect  of  silica  on  water  content 
introduces  two  contradicting  aspects:  (i)  a  hygroscopic  effect 

[20]  due  to  the  unreacted  -Si-OH  group  and  the  increasing  site 
for  bound  water,  which  would  increase  the  content  of  bound 
water;  (ii)  a  crosslinking  effect  due  to  the  inorganic  network 

[21] ,  which  would  reduce  polymer  chain  mobility  (free  volume) 
and  the  space  where  absorbed  water  could  be  accommodated. 


In  this  study,  the  crosslinking  effect  is  more  prominent  than  the 
hygroscopic  effect,  and  so  the  total  water  content  decreases  with 
increasing  silica  content. 

Methanol  uptake  of  the  membranes  is  presented  in  Fig.  6. 
Compared  with  a  Nafion  membrane,  which  has  as  high  as  82% 
methanol  uptake,  the  prepared  membranes  have  much  lower 
methanol  uptake.  This  is  totally  different  from  the  behaviour 
of  water  uptake.  The  methanol  uptake  decreases  as  the  silica 
content  is  increased.  The  cause  can  be  explained  in  terms  of 
the  membrane  structure.  The  main  chains  of  the  Nafion  mem¬ 
brane  are  well  organized  with  flexible  linear  fluorinated  chains 
that  have  long-grafted  ionic  groups.  By  contrast,  the  prepared 
membranes  have  the  semi-IPN  structure  with  an  inorganic  sil¬ 
ica  network  and  this  results  in  a  lower  swelling  ability  than  that 
of  Nafion.  The  low  methanol  uptake  indicates  that  the  hybrid 
membranes  are  dimensionally  stable  when  used  in  a  DMFC. 

3.4.  Proton  conductivity 

The  proton  conductivity  of  the  fuel  cell  membrane  is  a  key 
property  that  directly  affects  operational  fuel  cell  voltage  [1]. 
Fig.  7  shows  the  proton  conductivities  of  the  hybrid  membranes 
and  the  Nafion  membrane.  The  proton  conductivity  of  the  silica- 
free  membrane  (M-0)  is  0.10  S  cm-1,  i.e.,  slightly  higher  than 
that  of  the  Nafion  samples  (0.08  S  cm-1).  As  the  silica  con¬ 
tent  is  increased,  the  proton  conductivity  of  hybrid  membranes 
decrease.  It  is  believed  that  proton  conduction  in  the  mem¬ 
branes  proceeds  mainly  by  the  Grotthus  mechanism,  i.e.,  protons 


100- 
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Fig.  5.  Water  content  of  prepared  membranes. 


Fig.  6.  Methanol  uptake  of  prepared  membranes. 
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Fig.  7.  Proton  conductivity  of  prepared  membranes. 

transport  down  a  chain  of  water  molecules  [22],  This  mecha¬ 
nism  predicts  that  proton-conductivity  depends  much  on  both 
the  water  and  sulfonic  group  content.  As  described  above,  both 
decrease  with  silica  content,  hence  it  is  a  reasonable  result  that 
proton  conductivity  also  decreases. 

Proton  conductivity  may  be  affected  by  the  testing  medium. 
Thus  the  membranes  were  also  immersed  in  10  vol.%  methanol 
solution  (the  concentration  that  is  generally  used  in  a  DMFC) 
to  measure  the  proton  conductivities.  It  is  found  that  the  hybrid 
membranes  and  the  Nation  membrane  have  similar  but  no  prefer¬ 
ential  behaviours:  all  the  proton-conductivities  decrease  about 
8%  compared  the  data  for  pure  water.  The  decreasing  of  pro¬ 
ton  conductivity  is  due  to  the  intrinsic  molecular  differences  of 
methanol  and  water  (e.g.,  the  dipole  momentum  of  methanol 
and  water  is,  respectively,  1.70  and  1.85  Debye  [23])  and  the 
different  interactions  with  protons. 

3.5.  Methanol  permeability 

To  evaluate  the  practicality  of  hybrid  membranes  for  DMFCs, 
methanol  permeability  was  measured  and  is  shown  in  Fig.  8. 
The  permeability  of  Nation  and  the  silica-free  membrane  (M- 
0)  is  1.86  x  Hr6  and  1.23  x  10-6  cm2  s-1,  respectively.  With 


Membrane 


Fig.  8.  Methanol  permeability  of  prepared  membranes. 


Fig.  9.  Ratio  of  proton  conductivity  to  methanol  permeability  of  prepared  mem¬ 
branes. 

increase  of  silica  in  the  hybrid  membranes,  the  methanol  per¬ 
meability  decreases  sharply.  For  M-30,  the  permeability  is  only 
1.85  x  10-7  cm2  s-1,  i.e.,  10  times  lower  than  that  of  Nation. 
This  shows  that  the  inorganic  component  can  be  used  as  a 
means  to  obstruct  methanol  transportation.  This  behaviour  can 
be  explained  as  follows.  With  increase  in  silica  content,  the 
polymer  chain  mobility  and  swelling  of  the  networks  in  aque¬ 
ous  methanol  solution  decrease,  which  reduces  the  channels  to 
pass  methanol  molecules  so  that  resistance  to  the  diffusion  of 
methanol  is  increased. 

For  DMFC  application,  the  optimum  proton-conductive 
membrane  should  have  the  lowest  methanol  permeability  and 
the  highest  proton  conductivity.  Nevertheless,  many  studies  on 
polymer  membranes  have  revealed  a  tendency  for  the  decrease 
in  methanol  permeability  to  be  accompanied  by  a  decrease  in 
proton  conductivity  [19,21,24],  Thus,  a  compromise  between 
these  properties  has  to  be  achieved.  A  characteristic  factor,  0, 
used  to  evaluate  membrane  performance  in  a  DMFC  application 
can  be  calculated  using  the  following  expression: 


where  k  is  the  proton  conductivity  and  P  is  the  methanol  per¬ 
meability.  From  the  proton  conductivity  data  and  methanol 
permeability  data  shown  in  Figs.  7  and  8,  the  characteristic 
factors  were  calculated,  as  shown  in  Fig.  9.  All  the  prepared 
membranes  have  a  higher  0  value  than  that  of  Nafion.  This  is 
attributed  to  the  inorganic  component  and  the  semi-IPN  struc¬ 
ture.  The  highest  0  is  found  with  M-10,  although  its  proton 
conductivity  and  methanol  permeability  are  mild.  The  highest 
value  indicates  that  the  desired  compromise  has  been  achieved: 
the  silica  component  reduces  the  methanol  permeability  without 
a  large  sacrifice  of  proton  conductivity. 

3.6.  Mechanical  properties 

The  mechanical  stability  was  measured  in  terms  of  tensile 
strength  and  elongation  at  break,  as  presented  in  Fig.  10.  The  pre¬ 
pared  membranes  have  a  relatively  high  tensile  strength,  which 
results  from  the  semi-IPN  structure  (the  tensile  strength  of  the 
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Fig.  10.  (a)  Tensile  strength  and  (b)  elongation  at  break  of  prepared  membranes. 


PVC  film  with  100  |xm  thickness  is  about  50  MPa  [10]).  The 
tensile  strength  is  enhanced  by  the  silica  component,  e.g.,  M- 
30  has  a  higher  strength  than  Nation.  The  mechanical  strength 
should  be  sufficient  for  fuel  cell  applications.  Due  to  plasticiza¬ 
tion  of  the  linear  structure,  however,  Nation  had  a  much  higher 
elongation  at  break  than  the  prepared  membranes. 

3. 7.  Oxidative  stability 

Finally,  the  oxidative  stability  of  the  hybrid  membranes  was 
evaluated.  During  fuel  cell  operation,  possible  degradation  of 
the  polymer  electrolyte  is  caused  by  oxygen  diffusing  through 
the  membrane  and  undergoing  incomplete  reduction  at  the 
anode  to  form  HO*  and  HO2*  radicals  [25].  For  polystyrene 
membranes,  these  radicals  attack  the  tertiary  hydrogen  at  the  a- 
carbon  to  cause  considerable  degradation.  Testing  the  lifetime  of 
polymer  electrolyte  membranes  in  actual  fuel  cells  is  both  time- 
consuming  and  expensive.  Thus,  it  is  desirable  to  develop  and 
utilize  rapid  and  simple  methods.  Guo  et  al.  [26]  chose  aqueous 
3  wt.%  H2O2  solution  containing  4  ppm  Fe2+  at  68  °C  to  eval¬ 
uate  the  oxidative  stability  of  membranes.  For  those  based  on 
polystyrene,  it  was  found  that  decomposition  occurred  within 
several  hours  [14],  Therefore,  a  more  moderate  testing  should 
be  used.  In  this  study,  the  oxidative  stability  was  assessed  in  a 
3  wt.%  H2O2  aqueous  solution  without  any  Fe2+  at  60 °C. 


As  a  working  hypothesis,  the  PVC  backbone  is  assumed  to 
be  more  stable  than  sulfonated  poly(St-co-VBC).  As  shown  in 
Fig.  1 1 ,  the  membrane  weight  first  increased  and  then  decreased, 
which  is  similar  to  the  results  obtained  by  Chen  et  al.  [14], 
There  are  two  contrary  effects  when  soaking  a  membrane  in 
oxidative  solution.  One  is  degradation  of  sulfonated  poly(St- 
co-VBC)  chains,  which  decreases  the  membrane  weight.  The 
other  is  swelling  due  to  degradation  of  the  DVB  and  silica 
crosslinking  structure,  which  increases  the  membrane  weight. 
With  the  latter  effect,  permeation  of  H2O2  into  the  membrane 
becomes  easier  and  so  the  decomposition  of  polystyrene  chains 
becomes  faster.  When  the  decomposition  rate  increases  contin¬ 
uously  and  is  larger  than  the  swelling  effect,  the  wet  weight 
of  the  membrane  exhibits  a  peak  value.  With  increase  in  sil¬ 
ica  content,  the  wet  weight  at  the  peak  is  decreased.  For  the 
membrane  with  high  silica,  the  crosslinking  structure  is  only 
partially  degraded  at  the  peak  value  of  membrane  weight.  Thus, 
the  swelling  effect  of  higher-silica  membrane  is  lower.  Here,  the 
oxidative  stability  is  characterized  by  the  durability  time,  which 
is  defined  as  the  period  that  elapses  before  the  weight  reaches  its 
peak  value.  The  silica  increases  the  oxidative  stability  due  to  its 
crosslinking  effect.  As  reflected  by  the  water  content,  the  silica 
renders  the  membrane  more  compact.  This  restricts  the  diffusive 
ingress  of  HO*  radicals  and  reduces  their  attack  on  the  polymer 
chain.  The  effect  is  similar  to  the  crosslinking  by  DVB,  which 
greatly  improves  the  stability  of  polystyrene-grafted  polymer 
electrolytes  [27,28], 

4.  Conclusions 

New  covalent  organic/inorganic  hybrid  proton-conductive 
membranes  with  a  semi-IPN  structure  have  been  obtained 
through  the  polymerization  of  monomers  within  a  support¬ 
ing  PVC  film,  followed  by  the  introduction  of  siloxane,  a 
sol-gel  process  and  a  sulfonation  reaction.  Characterization 
studies  with  FTIR/ATR,  SEM/EDXA,  EA  and  TGA  confirm 
the  formation  of  the  target  membranes.  The  membranes  possess 
good  electrochemical  properties  for  fuel  cell  applications,  as 
well  as  reasonable  mechanical  strength  and  oxidative  stability. 
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As  the  content  of  silica  is  increased,  both  proton  conduc¬ 
tivity  and  water  content  decrease  whereas  oxidative  stability 
is  improved.  Methanol  permeability  and  methanol  uptake  are 
markedly  reduced  in  the  presence  of  silica;  the  associated  char¬ 
acteristic  factor  0  of  the  hybrid  membrane  is  higher  than  that 
of  Nation  1 17.  All  these  properties  make  the  hybrid  membrane 
a  potential  candidate  for  DMFC  applications. 
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